INTRODUCTION
The recording and reading of optical gratings in photorefractive materials' have been widely investigated in the past few years. These materials have already shown good potential for applications in optical processing, phase conjugation with gain, image amplification, 2 -7 etc. All these experiments are based on degenerate two-wave and four-wave mixing configurations, i.e., configurations for which all the interacting beams have nearly the same wavelength. The purpose of this paper is to show another type of application in which the photorefractive crystal is considered an active optical element allowing spatial switching of a near-infrared beam that is either emitted by a semiconductor laser or emerges from a multimode or single-mode fiber cable. As presented in the preliminary work in Refs. 8 and 9, these laser beam-steering techniques would potentially permit large deflection angles and millisecond random-access time. We present and analyze in this paper two optical addressing methods, that permit large deflection angles (0 10-15°) maintaining the Bragg condition. Through the association of a large number of switching elements, these techniques could be an attractive solution to the important problem of the optical interconnection between fiber matrices. 10 "'1
PRESENTATION OF THE PHOTOREFRACTIVE MATERIALS DYNAMIC SPATIAL SWITCHING FOR

A. General Introduction
The principle of deflection described in this paper is based on some specific properties of the photorefractive materials, in particular, bismuth silicon oxide crystals, Bi 12 SiO 2 0 (BSO). In what follows, we summarize the main properties of these recording media in view of the envisaged application. The materials usually employed for holography, such as high-resolution silver plates and dichromated gelatin, are not adapted to the dynamic switching of optical beams. Photothermoplastics are erasable materials, but their number of recording-erasure cycles is limited to about 102-103.12-13 Therefore photorefractive, crystals are now the most attractive candidates for this purpose. In particular, BSO [or bismuth germanate (BGO) and bismuth titanate (BTO)I is a promising material on account of its high sensitivity in the blue-green spectral range, high optical quality, and availability of large crystals. The complete erasure of a photoinduced grating is obtained by uniform illumination of the crystal (generally with the same wavelength as used for recording). Since these nonlinear materials are sensitive to the incident energy (100-500 J cm-2 for an elementary grating at X = 514.5 nm), the grating recording time constants are typically 10 msec for an incident power density of 10-50 mW cm- 2 change of wavelength between recording (X 500 nm) and readout (XR 840 nm), the incidence of the readout beam must be positioned at the Bragg angle.' 7 The objective of this paper is to demonstrate the deflection of an IR beam over large scan angle (06 10°-15°) by changing the spacing A of a photoinduced grating in the BSO by optical means. This requires new methods for maintaining the Bragg-diffraction conditions for a fixed incidence OR of the IR beam.
B. The Photorefractive Effect in Electro-Optic Crystals
The light-induced refractive-index change in these materials is due to the existence of charges located in low-lying traps formed by impurities or to defect sites in the crystal. ' In absence of light, the charges are frozen in place by the low dark conductivity of the material. However, under illumination the trapped charges can migrate between trapping sites. The hopping model' 8 assumes that carrier transport occurs by electron hopping from a filled donor site to an enpty trap located nearby. The problem is then discussed in terms of the hopping probability, the hopping rate being proportional to the local optical intensity. The band transport model' 9 considers that carriers, say, electrons, are optically excited from filled donor sites to the conduction band. These carriers then migrate by diffusion and drift before recombining into an empty trap. With a nonuniform sinusoidal illumination, this process creates a periodic photoinduced space-charge electric field that modulates the crystal refractive index by the linear electro-optic effect (Fig. 1) . The photoinduced phase volume grating persists after illumination for seconds, or for months, depending on the dark conductivity of the material. It can be read quasi-nondestructively with a light beam of wavelength outside the crystal sensitivity range, in the near IR, for example. The phase grating is erasable under uniform illumination; photocarriers are thus reexcited and uniformly redistributed, giving rise to a relaxation of the index modulation. The time constant for grating writing or erasure varies as the inverse of the incident beam intensities. The buildup time constant of the grating derived from Refs. 20 and 7 is given by 
where i is the dielectric relaxation time under incident illumination I0_ is the charge mobility, r is the photoelectron lifetime, and EO is the applied electric field. The scattering efficiency of the photoinduced grating is given by'
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where d is the crystal length, OR is the Bragg angle inside the crystal, XR is the wavelength of the readout beam, and a is the absorption coefficient. These relations predict an efficiency of -q n 100%, but the efficiencies measured with BSO are quite far from these theoretical limits. A typical grating recording-erasure cycle is given in Fig. 2 , for which the steady-state diffraction efficiency is s cm 1% for E 0 6 kV cm-', a crystal thickness d = 5 mm, and a grating spacing A 2 m. Improved results may be expected from appropriate doping of the crystal. For example, larger values of the efficiency may be reached if the density of the traps is increased slightly.
LIGHT BEAM STEERING THROUGH DYNAMIC GRATING RECORDING IN BSO
In the application considered here the IR beam keeps a fixed incidence OR upon the crystal, and its deflection is achieved through the variation of the photoinduced grating spacing A. In order to maintain optimum efficiency over a large scan angle, the following two parameters have to be precisely controlled:
(1) The grating spacing A that fixes the direction of deflection of the IR beam.
(2) The slant so of the grating in the volume of the BSO to place the grating planes under the correct incidence with respect to the readout beam.
To satisfy these requirements, two original methods are presented in the following subsections.
A. Variable-Wavelength Recording for Bragg Tracking
Description of the Method
In order to simplify notation, we do not express the dependence of the following parameters on the writing wavelength: S, A, y, il, i 2 , n, 0, 02, ORB, ORB, and L'R. The maximum deflection efficiency is obtained for the fundamental grating period when the incident recording beams have nearly equal intensity (m 1).19 This grating is induced in the photorefractive material by interference of two coherent plane waves, at wavelength , emitted by a dye laser. Changing the recording wavelength \ 22 produces a modification of the grating period A, which thus gives rise to a modification of the diffraction direction of the beam at the wavelength Xo, according to the following relation ( Fig. 3) :
noA where OR and O'R are, respectively, the incident and the emerging angles of the reading beam, so is the tilt of the fringe pattern, and no is the refractive index of the crystal at wavelength XRFor efficient diffraction, the Bragg condition has to be satisfied:
with sin(
As a consequence, when the grating spacing is varied, the fringe-pattern orientation must be simultaneously tilted.
Therefore, in order to achieve efficient switching toward a given direction, the dynamic grating has to be recorded with the correct set of parameters (A, so). Since the control parameter is the wavelength of the recording beams, the simultaneous change in spacing and orientation of the induced grating, demonstrated by Sincerbox and Roosen, 9 is reached in the following way: On the path of one of the recording beams is placed a dispersive element H, (Fig. 4a) crystal for any wavelength A. As a consequence, this reading beam experiences very large deflections and efficient diffraction. Numerous configurations have been defined, any of them offering specific advantages. For example, the easiest recording method is at zero applied field, but in this case the diffraction efficiency remains low with a maximum for a grating period A 1 ,um. On the other hand, grating spacing A > 4 um provides an enhancement of the efficiency (1OX), but at the expense of a large applied field (>6 kV cm-1). 23 
Parameters of an Elementary Switching Cell
In order to realize a compact switching cell, the dispersive element H, is a high-efficiency grating permanently recorded in dichromated gelatin and placed in close contact with the photorefractive crystal. For easy implementation, the fringe orientations of both the fixed and the dynamic gratings are chosen to be nearly perpendicular to the crystal surface. For the control beam incident at the Bragg angle, HI presents a large diffraction efficiency over the entire range of writing wavelengths (A = 530-575 nm). On the other hand, it is completely transparent for the other two beams. Since we have chosen to work in the diffusion mode, the average period of the dynamic grating is taken to be equal to A 1 ,um, with the readout beam at normal incidence upon the crystal. The optimum period p of the fixed grating that satisfies the Bragg condition over the largest wavelength range is determined by solving the grating equation for both the fixed and the dynamic holograms. The set of equations is shown below (Fig. 4b) . At this point, it is possible to devise the switching cell such that the reading beam is either incident at the exact Bragg 
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tracking of the Bragg condition. The slope of the curve gives a deflection sensitivity of about 0.280 nm-1. For the experimental adjustment of Fig. 5(b) , i.e., a Bragg detuning of 0.3 mrad on the grating recorded at the mean wavelength, this corresponds to a measured deflection of 6 0 R 11.40 over the available wavelength range (532 < X < 572 nm). For such a deflection range, the diffraction efficiency remains larger than 75% of its maximum value. For the present experiment, the scan of the laser wavelengths was achieved by mechanical rotation of a birefringent filter. However, for fast wavelength changes and random access, electro-optically driven filters can be used. 2 4 In order to address the maximum of separate directions, the important parameter to consider is the number of resolvable spots defined as N < AOR , (20) where AO'R and 60 1 R are, respectively, the reading-beam deflection angle and the beam divergence measured inside the crystal.
In this experiment the divergence angle of the IR beam at angle on the grating photoinduced at the mean writing wavelength or presents a small detuning. This mismatch in turn decreases the Bragg detuning on the gratings recorded at wavelengths on the edge of the allowed wavelength range and consequently gives an increase in the width of the efficiency curve. However, this increase occurs at the expense of the efficiency in the middle of the curve, which exhibits a slight dip. Such a comparison is given in the Table 1 (hologram 
Results
The relative diffraction efficiency as a function of the recording wavelength is presented in Fig. 5 . As mentioned previously, a slight Bragg detuning on the grating recorded at the mean wavelength permits one either to enlarge the allowed wavelength shift or to maintain a higher diffraction efficiency for a given wavelength range [ Fig. 5(b) ]. As far as deflection is concerned, Fig. 6 demonstrates the good agreement between theoretical predictions and experimental results and confirms how the fringe-tilting technique permits large deflections to be produced by achieving an efficient (21) which is quite an acceptable number for these applications. Figure 7 shows the intensity distribution of the IR beam after switching. experiment, conducted without an external applied electric field, the diffraction efficiency was low ( 10-3 for a crystal thickness of d = 2.74 mm). This value can be improved by 1 order of magnitude when an applied electric field is used in combination with larger grating periods (A 2 4 ,um). The switching time was about Ti,, _ 100 msec for a power density of 10 mW cm-2 at the mean recording wavelength X 550 nm. This switching time can be reduced to about 10 msec by using a more appropriate dye, emitting the same power around X 500 nm, which is the wavelength of greatest sensitivity for BSO.
When one of the recording beams is moved out of the plane of Fig. 4 , it results in a tilt of the photoinduced grating, thus producing a deflection of the near-IR beam out of the figure plane. Therefore, in combination with the variable recording-wavelength technique, this permits two-dimensional beam steering, as demonstrated in Fig. 8 .
B. Collinear Bragg Diffraction
Description of the Method
The preservation of the Bragg condition whatever the spatial frequency and the grating orientation in the BSO may be also obtained with a method based on the nonlinear mixing of two independent gratings. 2 5 These two gratings (grating vectors Ki and K 2 ) are photoinduced by a proper choice of two collinear beams at wavelengths Xi and X 2 , and the readout in the near IR (wavelength XR) is exactly collinear to the direction of the writing beams. The basic principle of the method is shown in Fig. 9 . We consider in this figure the recording of two independent gratings resulting from the interference in the same direction of two plane waves at wavelength Xi and X 2 . The resulting intensity distributions are given, respectively, by
The expressions of the photoinduced space-charge field and of the related index change under sinusoidal light exposure given in Section 2 are essentially valid for a low value of the incident fringe modulation (m << 1). These solutions are essentially linear. For the case of a grating recording with an externally applied electric field E 0 (E 0 >> ED) and grating spacings such as E 0 < EQ (A 6 ,um typically), the photoinduced space-charge field is simply given by (22) where ml = mao/(ai + ao). ao is the crystal dark conductivity and rI is the conductivity of the crystal under incident illumination. This relation does not account for the saturation of the space-charge field amplitude versus the externally applied field E 0 resulting from the complete filling of the traps in BSO (or BGO and BTO) crystals. Nevertheless, we will use that closed-form expression of the field in order to point out the nonlinearities of the crystal response. In the experiment considered in Fig. 9 , the photoinduced space-charge field resulting from the crystal illumination by the two incoherent light patterns I, and I2 having a fringe modulation amplitude of nearly unity may be described by the following relation deduced from Eq. (25):
This relation may be expanded into Fourier series and can take the form: (28)
The wave-vector diagram corresponding to such a nonlinear interaction is given in Fig. 10 . This geometrical construction illustrates that the Bragg condition is fulfilled, thus permitting an exact collinearity of the incident recording (X, X 2 ) and diffracted (R) beams. By a proper choice of m and n in the last relation, a near-IR readout wavelength can be obtained while keeping the incident recording wavelengths X and X 2 in the spectral sensitivity range of the BSO crystal.
Experimental Results
The experimental demonstration of the nonlinear mixing of the K vectors is achieved with the two incident recording wavelengths:
= 632.8 nm (helium-neon laser) and 2 = 514.5 nm (argon laser). Choosing the values of the parameters m and n equal to m = 2 (for X) and n = 1 (for 2 ), respectively, ensures a collinear Bragg diffraction at a wavelength R = 822 nm. This wavelength is close to the emission wavelength of the semiconductor laser that we have used for the experiment (R = 840 nm). The measured diffraction efficiency is -= 5 X 10-4 for an applied electric field Eo = 6 kV cm-' and a grating spacing A 10 ,vm. The grating formation time is short with the green line of the argon laser (typically Te,, 10 msec for`Io 1 = 10 mW cm-2 ), but it reaches a few seconds for the recording with the red line of the helium-neon laser. Certainly this last time constant is not convenient for beam-steering applications, but the first objective was to demonstrate the validity of the method using available laser sources. Other wavelengths such as Xi = 560 nm and X 2 = 420 nm (m = 1; n = 2) would be better adapted for short response times. The application of this recording technique to light-beam steering is shown in Fig. 1a . When the incidence of the visible recording beams is changing by 10° in the two X and Y directions, the IR beam is diffracted under the Bragg condition and is exactly collinear to the incident recording beams. The evolution of the diffraction efficiency related to this scan angle is shown in Fig. lb. 
DISCUSSION AND CONCLUSION
Concerning the diffraction efficiency, which is one of the important parameters for fiber-to-fiber connection, one can conclude that the variable-wavelength recording method is more efficient. Indeed, the collinear Bragg method is based on the nonlinear mixing of higher-order nonlinearities, and it consequently results in lower efficiency. However, both techniques would require materials having greater photoinduced index variation and a short response time. Photorefractive ferroelectric crystals such as BaTiO 3 and KNbO 3 certainly have the required index modulation because of their high electro-optic coefficient, but the time response is long. These dynamic holographic techniques can be the active element of interconnection devices ensuring communication exchanges between two-dimensional arrays of optical fibers. 10 The experiments presented that permit the dynamic spatial switching of optical beams in the near-IR region appear extremely attractive in this field. Because of the memory effect of the photorefractive effect, many channels can be connected in parallel with no limitation in bandwidth as soon as the grating is recorded. However, the design of a complete switching device, whose schematic is given in Fig.  12 , requires the extension of the principles described here to a two-dimensional array of photorefractive switching cells as well as two-dimensional deflection of the IR beam for each cell. With view to accomplishing such a project, further studies on both material optimization and system architecture must be pursued.
